Frictional sliding of surfaces is a fundamental process that governs a wide variety of material properties.
1- 5 An archetypal example is frictional heating of energetic molecular crystals. 6, 7 While the frictional heating is believed to play an essential role in the initiation of chemical reactions and creation of hot spots in these materials, molecular mechanisms of frictional heating remain largely unknown.
Cyclotrimethylene trinitramine (RDX), a widely used high energy density material (HEDM), is sensitive to thermal and mechanical insults. [8] [9] [10] [11] [12] [13] A polymer binder is often used to desensitize RDX. Potential initiation mechanisms in RDX include anisotropic plasticity and fracture, 14, 15 resulting in the decomposition of molecules. 16 Compressive and shear dynamics models have been developed, based on reactive 10 and nonreactive 17 force fields, to study anisotropic shock sensitivity of RDX. 18 Both experiments and theoretical models indicate larger sensitivity and more chemical reactivity normal to (100) and (210) planes.
The anisotropic shock response in RDX has been explained by steric hindrance model. [19] [20] [21] For shock sensitive directions, shock impact triggers deformation on slip planes which has higher steric hindrance for shear deformation. Shock loading in RDX on (100) shock plane triggers deformation on (110) h110i slip plane, which has higher steric hindrance compared to (120) shock plane which triggers deformation on (010) h100i slip plane of low steric hindrance. 10 Hence, (100) and (210) requires large mechanical work for deformation which results into more chemical decomposition and large temperature rise in these systems. Similar anisotropic behavior in observed in Pentaerythritol tetranitrate (PETN) where [100] direction has less steric hindrance for shear deformation compared to [110] direction. 22 Cawkwell et al. suggested that viscous flow may cause intense heating within the shear bands and promote high rates of thermal molecular decomposition. 23 They proposed that stacking faults enclosed by partial dislocation loops can give rise to plastic hardening and thermal molecular decomposition in RDX.
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A long-standing problem in high energy density materials (HEDM) is how microstructures affect molecular decomposition processes under external stimuli. 23, 25 When shock is applied to HEDM, certain microstructures concentrate the impact energy spatially, creating localized hot spots. Under certain conditions, some of these hot spots may ignite and grow. For example, energetic crystals with defects such as voids, grain boundaries, and cracks are known to be more sensitive to shock ignition than a perfect crystal. Mechanisms underlying these hot-spot nucleation and growth have attracted a great deal of attention. [26] [27] [28] [29] Thus, hot spots are critical factors in the impact initiation of HEDM, and understanding, predicting, and controlling the behavior of hot spots is the key to optimizing the performance of HEDM and making them safer and more resistant to accidents.
Among the potential hot-spot forming defects, frictional heating and associated plastic deformation at interfaces have attracted much attention.
1,2 When a delaminated interface is present in HEDM, friction at that interface produces intense heating. Understanding friction at the atomistic level is of great importance for the safe handling of HEDMs. 30 To study friction and anisotropic plastic response across different slip planes and slip directions in a-RDX crystal, 31 we perform non-equilibrium molecular dynamics (MD) simulations. 32 Experimental and computational studies indicate that (010) is the primary and (011) and (021) are secondary slip planes in a-RDX and that [001] and [100] are the slip directions in the (010) plane. 33 Figure 1(a) shows the RDX crystal structure and its primary slip plane. We study the effect of frictional sliding on damage and localized heating along different sliding directions on the primary slip plane, (010), as well as on non-slip planes, (100) and (001). We observe that slip systems are less susceptible to heat generation because they deform easily. Non-slip systems show larger increases in temperature than slip systems, in accordance with the steric hindrance model of heat generation and dissipation.
Figure 1(b) shows the simulation setup, which consists of two blocks of RDX crystals. The upper block moves at a constant speed of 100 m/s across a surface of the lower block. The sliding direction is the x-axis, and we monitor frictional effects in the x-z plane where the z-axis is normal to the interface between the two blocks. Periodic boundary conditions are applied along the x and y axes. The dimensions of the lower and upper blocks are 200 Å Â 120 Å Â 100 and 100 Å Â 30 Å Â 100 Å , respectively, in the x, y, and z directions. The system contains a total of about 280,000 atoms. After creating the system, we minimize the energy using the conjugate gradient method and thermalize the system at a temperature of 300 K for 400 ps. During frictional sliding, a 10 Å -thick layer at the bottom of the lower block is kept fixed. The total distance traveled by the top block is 100 Å . The simulation time steps during equilibration and frictional sliding are 1 fs and 0.3 fs, respectively. The simulations are performed using LAMMPS package. 34 We use the interatomic potential developed by Smith and Bharadwaj (SB), 35 which consists of bonding, non-bonding, and Coulombic interactions. Bonding interaction includes bond stretching and bending. Non-bonding interaction is descried by Lennard-Jones and Buckingham potentials with parameters taken from Wallis and Thompson 36 and Bedrov et al., 37 respectively. The Coulombic interaction is represented by fixed atomic charges, and the long-range electrostatic interactions are calculated using the Particle-Particle Particle-Mesh (PPPM) method. 38 The functional form of the SB potential is given in the supplementary material. The crystal density, coefficient of linear expansion, and elastic constants predicted by the SB potential agree well with experimental results. This interatomic potential has been used extensively to study shock response and mechanical properties of RDX. 23, 24, 39 The friction coefficient (l) is the ratio of the total normal force (F N ) to the force (F S ) in the sliding plane of the lower block of RDX [ Fig. 1 
The friction coefficient thus defined changes with time.
Figures 1(c) and 1(d) show the calculated values of l on different planes (denoted by parentheses) and sliding directions (denoted by square brackets) as a function of time. Initially, the values are high because of the bonding between the two blocks of RDX. After 80 ps, they reach constant values. We estimate l by averaging between 80 and 100 ps, and these average values are presented in Table I . Overall, the estimated values of friction coefficient for non-slip planes are higher than those for slip planes. We observe that different kinds of intermolecular and intramolecular defects are generated in RDX crystal. Intermolecular defects are identified by finding the number of nearest neighbors for each RDX molecule using Voronoi analysis. 40 An RDX molecule has 14 nearest neighbors in a defect-free crystal. During frictional sliding, any RDX molecule whose coordination number is not 14 is considered a defect. Through this analysis, we can identify dislocations and other complex defects.
RDX molecules in ambient condition are in chair conformation. Intramolecular defects are generated when a chair conformation changes to a half-boat or boat conformation, even though the total number of nearest neighbors of an RDX molecule remains 14. Changes in ring conformation of RDX molecules are determined using ring puckering analysis. 41 Figures 2(a) and 2(b) show defect generation due to frictional sliding along the [001] direction in the (010) plane. As we move the upper block, partial dislocation loops are generated in the lower block at 10 of (001) plane just below the contact area. These partial dislocations loops grow on the (001) plane along [010] direction and dissipate energy supplied by the moving upper block. We observe slight pileup of RDX molecules but hardly any changes in ring conformations of RDX molecules or in the formation of a damage zone. Supplementary material video, S1.mp4, shows the deformation in the system during frictional sliding on (010) plane along [001] direction. 39 When frictional sliding is along the [100] direction in the (010) plane, we observe changes in conformations of molecular rings and a small damage zone below the contact area between the two blocks but no dislocation lines. (010) [100] planes has low steric hindrance for shear deformation, and second, the friction coefficient is smallest along the [100] direction (l ¼ 0.49), whereas large deformation in the system is observed along the [001] direction (l ¼ 0.54) due to the generation of partial dislocation loops in the system. During frictional sliding on [001] direction on (010) plane, we observe large dislocation activity around 20 ps. Initially, partial dislocation loops are nucleated at the interface of the upper and lower blocks. These partial dislocation loops grow along the ½010 direction. Also, partial dislocation loops are nucleated from the bottom of the lower block; however, they grow along the [010] direction towards the upper block. These two sets of dislocation start annihilating each other around 20 ps and the dislocation density drops. This cycle of nucleation and annihilation of dislocation loops happens again between 40 and 60 ps and we observe multiple peaks of defect densities as shown in Fig. 2(c) . This mechanism of cyclic nucleation and annihilation of partial dislocation loops is also observed in a larger system consisting of 3.16 million atoms as shown in Figs. S3 and S4, in supplementary material, movie S4.mp4, and is described in the supplementary material.
For non-slip (100) and (001) planes, we observe large damage zones just below the contact area of the two blocks, as shown in Figs. 3(a) and 3(b) . The size of the damage zone increases as the upper block moves across the surface of the lower block. By the time a steady sliding state is reached, 4-5 layers of RDX molecules are significantly deformed. Deformation occurs mainly due to changes in the ring conformation of the RDX molecules from the chair to boat or halfboat conformations and also due to changes in the coordination numbers of RDX molecules. Just below these 4-5 layers, we observe a layer of intermolecular defects [ Fig. 3 (Figs. S1 and S2 ). 39 We also examine how the local temperature is correlated with the friction coefficient and damage in the system. Figure 4 shows how the volume fraction of the system with local temperature greater than 400 K increases with time during frictional sliding. Supplementary material video, S3.mp4, shows the region of the system with temperature greater than 400 K for slip and non-slip planes. 39 These temperature rises for each frictional sliding direction depend on its friction coefficient, nature of deformation, and its steric hindrance for shear deformation. Let us first examine the primary slip plane, (010). The friction coefficient is high for the [001] direction and low for the [100] direction. But the temperature rise is similar in both cases. Note that dislocations are generated in response to frictional 2018) sliding only in the [001] direction and that the friction coefficient is higher along this direction than in other directions of the (010) plane. These dislocation lines help dissipate energy supplied to the system during frictional sliding. Therefore, the increase in temperature is insignificant even though (010) [001] has a high friction coefficient. Also, both (010) [001] and (010) [100] have low steric hindrance. Hence, it requires less mechanical energy for deformation and low temperature rise.
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For non-slip planes, where friction coefficients are higher and the planes do not deform easily via slip, we observe massive heating due to the formation of large damage zones and also due to changes in ring conformation. The increase in temperature correlates well with the density of intramolecular defects. Detailed analysis correlating the work done on the system due to frictional sliding and rise in temperature are shown in the supplementary material (Figs. S5 and S6). (010) [100] slip plane shows less heating. An et al. has shown that the strain energy density required for shear deformation during shock loading on (100) is 1.67, which is 25% higher than that on (120) and its associated slip plane (010) [100] . 10 Similarly, we observe that larger work done is required during frictional sliding on (100) [001] non-slip plane as compared to that on the (010)[100] slip plane as shown in Fig. S8 and Table S1 . This happens because steric hindrance for shear deformation on (010) [100] is lower compared to that on the non-slip plane (100). 10 Directions with higher steric hindrance have large overlap between molecules. Hence, they require large mechanical work for deformation which eventually results in high temperature along those directions.
To locate the region of the highest temperature during frictional heating in these systems, contour plots of temperature on slip and non-slip systems are calculated as a function of displacement of the upper block as shown in Fig. 5 and Fig. S9 , respectively. 39 It can be seen from these plots that the location of the highest temperature is always at the interface between the upper and lower blocks, but its location at the interface changes as the upper block moves. Initially, the maximum temperature rise is in front of the upper block as shown in Figs. 5(a) and 5(b) , and the maximum temperature is around 350 K near the leading edge of the sliding block. However, later its position shifts to the center of the upper block and the maximum temperature becomes around 500 K, as shown in Fig. 5(d) . We observe that heat is generated at the leading edge of the sliding block as well as at the interface of the upper and lower blocks. The generated heat is confined at the interface and dissipates at the leading and tailing edges of the upper block, which may explain the formation of the maximum temperature rise region at the center of the interface.
In summary, our simulation shows that deformations in the slip planes are caused by the motion of dislocations, while changes in molecular conformations give rise to deformations in the non-slip planes. Temperature rise during frictional sliding on (010) slip planes is lower compared to the non-slip planes, which agrees with the steric hindrance model for shear deformation. The simulation also shows that the friction coefficient tends to be lower on slip planes. This atomistic understanding of anisotropic frictional responses may provide insight toward the ultimate goal of predicting and controlling the behavior of hot spots.
See supplementary material for the description of Smith and Bharadwaj Potential, computation of the work done on the systems during frictional sliding, effect of steric hindrance during frictional sliding, and temperature contour plot on non-slip plane (001) [100] during frictional sliding. S1.mp4 and S2.mp4 show frictional sliding on slip and non-slip plans, respectively. S3.mp4 shows temperature rise in the systems during frictional sliding, and S4.mp4 shows mechanism of dislocation nucleation and annihilation on (010) [001] slip plan during frictional sliding. 
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